Regulated protein degradation has emerged as a key recurring theme in multiple aspects of cell-cycle regulation. Importantly, the irreversible nature of proteolysis makes it an invaluable complement to the intrinsically reversible regulation through phosphorylation and other post-translational modifications. Consequently, ubiquitin-protein ligases, the protagonists of regulated protein destruction, have gained prominence that compares to that of the cyclin-dependent kinases (Cdks) in driving the eukaryotic cell-cycle clock. This review will focus on the two main players, the related ubiquitin-protein ligases APC/C and SCF, and how they control cellcycle progression. I will also try to delineate the regulation and interplay of these destruction mechanisms, which are intricately connected to the kinase network as well as to extrinsic signals. Moreover, cell-cycle ubiquitin-protein ligases are themselves subject to proteolytic control in cis as well as in trans. Finally, a careful comparison of the functions and regulation of APC/C and SCF shows that, in certain aspects, their logic of action is fundamentally different.
Introduction
Successful progression through the cell cycle is dependent on an ordered sequence of cell division events, such as DNA replication, spindle assembly, nuclear division, and cytokinesis. To coordinate these events, eukaryotic cells have evolved a highly regulated oscillator that is driven by waves of cyclindependent kinase (Cdk) activity. The Cdks at the heart of this cell-cycle clock use reversible protein phosphorylation to regulate important processes, like DNA replication or chromosome condensation, either directly or through various effector kinases. Thus, the cell cycle can be viewed as a series of reversible biochemical events, which creates one fundamental problem: how can it be ensured that a cell moves from step B to step C instead of going back to step A? In other words, how is directionality created? The solution comes from the degradation of proteins that are needed at a previous stage, because rapid proteolysis of a slowly synthesized target protein provides an irreversible mechanism that blocks the way back, thus driving the cycle forward.
The first and best-studied support for this principle is gained from cyclins, the activating subunits of Cdks, whose gradual accumulation and abrupt destruction cause the oscillations in Cdk activity and thus control the cell-cycle clock (see [1] for a recent review). Likewise, many other proteins undergo proteolysis at different cell-cycle transitions. In all cases, the route to destruction leads via the ubiquitin-proteasome system, which uses the highly conserved polypeptide ubiquitin as a tag that marks target proteins for degradation by the 26S proteasome. Ubiquitination requires the generation of polyubiquitin chains on substrate proteins through the combined action of ubiquitin-carrying enzymes (UBCs or E2s) and ubiquitin-protein ligases (or E3s) that bring substrates and UBCs together (reviewed in [2] ). The specificity of ubiquitindependent proteolysis is achieved at the level of substrate ubiquitination, which gives E3 enzymes key roles in several cellular processes, especially in the cell cycle. Two related E3 complexes are most intimately dedicated to basic cell-cycle control, namely the anaphase-promoting complex or cyclosome (APC/C), and the SCF (Skp1/cullin/F-box protein)-related complexes. In this review, I will thus focus on their roles in the cell cycle, on their regulation, and on the interplay between them.
The Switchmen: APC/C and SCF The anaphase-promoting complex was originally discovered as the E3 activity responsible for degradation of mitotic cyclins (reviewed in [3, 4] ). Its name reflects a second important role, namely the ubiquitination of the anaphase inhibitor securin. Securin is an inhibitory subunit of separase, a protease that destroys sister chromatid cohesion at the metaphase-to-anaphase transition. Initiation of sister chromatid segregation and resetting the cell-cycle clock by achieving and maintaining a 'low Cdk activity' state (reviewed in [5] ) appear to be the only two essential functions of the APC/C: an elegant recent study shows that budding yeast are able to limp through the cell cycle in the complete absence of APC/C activity, as long as their securin gene has been deleted and mitotic Cdk activity downregulated by timely overexpression of the Cdk inhibitor Sic1 [6] . Still, the APC/C appears to have taken on a number of additional tasks both within and outside of the cell cycle, including the degradation of mitotic kinases (such as Polo-like kinases, NIMArelated kinases, and Aurora kinases), proteins involved in spindle function (for example the kinesins Kip1, Cin8, and Xkid), or proteins that function in DNA replication (such as Cdc6, Dbf4, geminin) [3, 4] . Expression of nondegradable versions of the target often causes only mild defects, as the activities of many of these substrate proteins can also be downregulated by nonproteolytic pathways. For example, the human Pololike kinase Plk1 can be inactivated through proteolysis as well as through removal of an activating phosphate group [7] . Such findings are consistent with a scenario that views the cyclin degradation machinery as a late arrival in evolution that took control over mitotic processes that had originally been regulated in a nonproteolytic fashion [1] .
Whereas the APC/C is mainly active in mitosis and the G1 phase of the cell cycle, and acts as the key antagonist of mitotic Cdks [5] , SCF complexes appear to be more versatile, fulfilling a variety of functions at many stages of the cell cycle and beyond. Nevertheless, they too were first identified by their involvement in Cdk regulation: two related budding yeast SCF complexes (differing only in their F box subunit; see next section) turned out to be responsible for degradation of the G1 cyclins Cln1 and Cln2, and of the Cdk inhibitors Sic1 and Far1, respectively [8] . These findings have been extended to metazoan Cdk inhibitors p21 Cip1 , p27 Kip1 , and p57 Kip2 [9] [10] [11] 
Regulation of APC/C and SCF by Phosphorylation
For both APC/C and SCF, substrate recognition and ubiquitination is tightly regulated by a variety of mechanisms. Most prominent among them is protein phosphorylation, which links the degradation machinery to the kinase-based oscillator. A comparison of how phosphorylation influences ubiquitination reveals a fundamentally different logic between APC/C and SCF regulation (reviewed in [42] ). SCF complexes are constitutively active once assembled with their respective substrate adaptors, but are kept in check by regulated substrate availability. SCF1 substrates in the cell cycle contain so-called phosphodegrons, short sequence elements that are targeted by certain kinases and, once phosphorylated, reveal the protein as a substrate to the imminent SCF adaptors. An example of this is Sic1, which has to be phosphorylated on multiple sites before it can be recognized and ubiquitinated by SCF1 Cdc4 [43] . The degrons in APC/C substrates, in contrast, are present at all times, but APC/C activity is restrained to certain phases of the cell cycle. As mentioned before, the APC/C depends on activation by Cdc20 and Cdh1, and it is the association with these WD40 proteins that is regulated by phosphorylation. In mitotic prophase, the APC/C becomes phosphorylated on multiple sites by Cdks, and these phosphorylations are a prerequisite for interaction with and activation by Cdc20 from prometaphase until midanaphase, when an initial drop in Cdk activity leads to activation of APC/C Cdh1 [44] [45] [46] [47] [48] [49] . Cdh1 can activate the APC/C irrespective of APC/C's phosphorylation status, but it is itself phosphorylated by Cdks, preventing it from associating with the APC/C during phases of high Cdk activity, especially from late G1 to anaphase [3] [4] [5] .
Further Controls: Keeping the APC/C in Check Fine-tuning of APC/C activity is achieved by several mechanisms in addition to Cdk phosphorylation. For example, substrate ubiquitination by the APC/C is likely to be regulated not only in time, but also in space [50] [51] [52] . Moreover, feedback control is necessary to ensure the above-mentioned ordered progression of cell-cycle events, as becomes particularly evident in the case of the mitotic spindle assembly checkpoint. This intricate mechanism prevents APC/Cmediated securin degradation and thus the onset of anaphase until all chromosomes have been correctly attached to the mitotic spindle and aligned at the metaphase plate (for detailed reviews, refer to [53, 54] ). At unattached kinetochores, checkpoint components appear to be assembled into inhibitory complexes that associate with Cdc20 and prevent it from activating the destruction of securin or cyclin B. Puzzlingly, the Cdc20-dependent destruction of cyclin A and several other prometaphase targets proceeds unaffected by this inhibition [55] [56] [57] [58] . The checkpoint must also employ an effective amplification mechanism, as a single unattached kinetochore is sufficient to prevent APC/C activation. As anaphase usually follows shortly after microtubule attachment of the last kinetochore, there must furthermore be a switch that allows rapid inactivation of checkpoint signaling [53, 54] .
Recently, several more proteins have been implicated in inhibition of Cdc20 (RASSF1A [ Another important regulator of SCF assembly is TIP120A/CAND1 (for TBP interacting protein/cullinassociated and Nedd8-dissociated). This HEAT repeat protein binds to both the carboxyl and the amino terminus of Cul1 (and all other cullins as well) and inhibits the interaction with Skp1 and associated F-box proteins [66] . Cullin deneddylation is a prerequisite for CAND1 binding, suggesting a scenario in which CSNmediated removal of Nedd8 not only inactivates an SCF complex, but also allows CAND1 to bind the cullin and displace the substrate adaptor module. Reneddylation may in turn dissociate CAND1 and allow the cullin to assemble with another substrate recognition module into a new SCF complex [66] .
Adjusting SCF Composition through Proteolysis
Having perfected the art of proteolytic regulation, it is perhaps not surprising that cell-cycle ubiquitin ligases are themselves subject to such control. This is especially evident for SCF regulation in yeast. The lack of an obvious CAND1 homolog, and the fact that neither neddylation nor deneddylation appear to be essential in Saccharomyces cerevisiae [66] , indicate that inactivation and disassembly of SCF complexes can also take place by alternative means. Indeed, the beststudied F-box proteins in yeast are very short-lived and apparently degraded upon autoubiquitination [69, 70] . It is likely that substrate availability directly influences the degradation of F-box proteins in cis. Indeed, autoubiquitination of the human F-box protein β β-TrCP2 is inhibited by the presence of its substrate phospho-Iκ κBα α, and phospho-Iκ κBα α also stabilizes the F-box protein in vivo [71] , implying that, in the presence of bound substrate, the substrate becomes the primary target of ubiquitination. In the absence of copious substrate, however, ubiquitin will be conjugated to the unliganded F-box protein instead, presumably catalyzing its dissociation from SCF and subsequent degradation [71] [72] [73] . In this feedback mechanism, SCF complexes that have momentarily run out of targets could be disassembled and equipped with different adaptors to serve in other, more pressing tasks.
Although autoregulation of F-box proteins appears to have roles not only in yeast but also in metazoan organisms [ [84] . Furthermore, Cdh1 mutations that prevent APC/C association inhibit Cdh1 degradation in frog egg extracts, implying that Cdh1 destruction is caused by autoubiquitination in these systems [84] .
It is still mysterious why Cdc20 and Cdh1 are proteolytically regulated. As Cdc20 appears to activate only mitotically phosphorylated APC/C, its continued presence in other phases of the cell cycle should not be detrimental. It is possible, however, that Cdc20 degradation may aid in the swift transition from APC/C Cdc20 to APC/C Cdh1 during anaphase, or stabilize a prolonged prometaphase arrest caused by the spindle checkpoint. Consistent with this second possibility, a modest increase in Cdc20 levels has been found to impair spindle checkpoint arrest [83] . Cdh1 downregulation in G0 and G1, on the other hand, may reflect a reduced need for APC/C Cdh1 activity at these stages when most of its targets are synthesized at rather low rates, and mirror the autocatalytic downregulation of F-box proteins in response to reduced substrate abundance. As phosphorylated Cdh1 in G2 and early mitosis is unable to associate with the APC/C, it may no longer be subject to autoregulation, allowing it to accumulate to the high levels needed at mitotic exit [84] .
The third autoregulated component of APC/Cmediated ubiquitination is the ubiquitin-conjugating enzyme E2-C/UbcH10 [86] . E2 autoubiquitination is not an uncommon phenomenon, but in this case, it is dependent on the APC/C and leads to degradation of E2-C [86] . Strikingly, autoubiquitination of E2-C appears to happen in cis and is inhibited by high levels of APC/C substrates, ensuring that E2-C destruction only happens after the majority of APC/C targets have been degraded (M. Rape and M. Kirschner, personal communication). As in the case of Cdh1, downregulation of E2-C may reflect an attenuation in response to a reduced requirement for APC/C activity in G1. Moreover, it is conceivable that it provides an additional mechanism for switching off APC/C-mediated proteolysis: stabilization of E2-C does indeed interfere with the reaccumulation of cyclin A at the end of G1 (M. Rape and M. Kirschner, personal communication).
No E3 Is an Island: Crosstalk and
Interdependencies between APC/C and SCF Originally, APC/C and SCF were viewed as relatives who had gone their own ways, confining their activities to generally non-overlapping phases of the cell cycle. A body of recent work shows, however, that there is a high level of crosstalk between APC/C and different types of SCFs. For example, the fission yeast S-phase cyclin Cig2 is targeted by both the APC/C and SCF1 Pop1/2 , and this dual regulation (in combination with transcriptional control) ensures a spiky expression pattern with a sharp peak of Cig2 levels at the G1-S boundary [87, 88] . Similar dual controls appear to be in place for human Cdc25A, a phosphatase that removes inhibitory phosphorylation from S-phase Cdks. Cdc25A contains a KEN box and is degraded by the APC/C at the end of each mitosis [89] . Additionally, Cdc25A is degraded in G1 and S phases as soon as genotoxic stress activates a DNA damage checkpoint response. In this case, kinases phosphorylate Cdc25A to create a β β-TrCP phosphodegron (consisting of the sequence DSGxxS, where both serines have to be phosphorylated), thus making the phosphatase a target for ubiquitination by SCF1 β β-TrCP [90, 91] .
Connections between the APC/C and SCF pathways do run deeper still. As already mentioned, F-box proteins are regulated not only via autoubiquitination within their respective SCF1 complexes, but sometimes also in trans through other ubiquitin ligases. One example is Skp2, a leucine-rich repeat F-box protein that targets the Cdk inhibitors p21 Cip1 , p27 Kip1 , and p57 Kip2 [9] [10] [11] for degradation, thus promoting entry into S phase. As the G1-S transition marks the commitment for another round of cell division, Skp2 levels are tightly controlled. At least in quiescent cells, downregulation of Skp2 seems to work through autoubiquitination that depends on Skp2 assembly into functional Cul1-containing complexes [73] . In cycling cells, on the other hand, Skp2 levels oscillate in patterns similar to those of typical APC/C substrates, and APC/C Cdh1 is indeed responsible for degradation of Skp2 via an amino-terminal D box [75, 76] . Notably, downregulation of Cdh1 through RNAi does not only stabilize Skp2 in G1, but also promotes premature entry into S phase in a Skp2-dependent manner [75, 76] . Therefore, the APC/C directly regulates a component of an SCF1 complex and influences an SCF-dependent event.
In a second case of F-box protein downregulation in trans, the APC/C is the victim and not the perpetrator (Figure 2A Finally, the as yet least understood case of convergence between APC/C and SCF pathways is found in the regulation of Wee1/Swe1, a kinase that helps to fine-tune the timing of Cdk activation during entry into mitosis [94] . Phosphorylation by Wee1 inhibits Cdks, whereas dephosphorylation of Cdks by Cdc25 phosphatases activates them ( Figure 2B) . Inactivation of Wee1 therefore shifts the balance toward active Cdk, and appears to depend on Wee1 phosphorylation [94] . In frog egg extracts, Wee1 inactivation may also involve degradation through the SCF [95] and an F-box protein called Tome-1 (trigger of mitotic entry). Tome-1 associates with SCF1 components and binds Cdk-phosphorylated Wee1, raising the possibility that it may be a phosphorylation-dependent substrate adaptor for Wee1 ubiquitination [96] . As Tome-1 itself undergoes KENbox-dependent degradation through the APC/C Cdh1 pathway, it represents another example of crosstalk between the ubiquitination systems [96] .
Somatic forms of Wee1 have also been reported to be SCF1 substrates [97] . In this case, however, no involvement of Tome-1 was found, but rather ubiquitination depended once again on SCF β β-TrCP and two Overall, it appears that the APC/C destroys many of the factors that have promoted progression to the stage of its activation, like cyclins or Polo-like kinases, and eventually even its own activators Cdc20, Cdh1, and E2-C (Figure 3) . Thus, just as Cdks initiate their own inactivation by activating the cyclin degradation machinery, the APC/C also has an in-built, autonomous switch-off mechanism. Moreover, it seems that the APC/C is cleaning up various cellcycle-advancing factors from previous stages. These depicted negative feedback mechanisms install the APC/C as a central component in the core oscillatory circuit, to which it is already intricately connected via phosphorylation of its subunits and activators. As a consequence, interfering with certain APC/C activities may result in a deregulation of important cell-cycle regulators. Consistent with this, Cdh1 downregulation promotes premature S-phase entry [75] , and heterozygous mutations in APC/C subunits have been found in colon cancer cell lines [101] . Cell-cycle functions of SCF complexes, on the other hand, appear to be more diverse. This may be due to the versatility of SCFs and the fact that their activity is not cell-cycleregulated but controlled by their modular assembly Current Biology R793 Figure 3) . In this light, specifically interfering with certain SCF pathways may be a promising approach to manipulate cell proliferation in cancer cells.
